I. INTRODUCTION AND OVERVIEW
For many cities in the eastern United States the provision of drinking water involves a source, such as a lake or reservoir, a treatment plant, and a delivery system. Cities like New York City, Boston, and Syracuse made decisions in the nineteenth century to build reservoirs or seek source water in relatively pristine rural areas, where water was of high quality and would require only screening and chlorination before distribution to city residents. Since 1989, however, the U.S. Environmental Protection Agency's (EPA) Surface Water Treatment Rule (SWTR) requires every water supplier to lter its surface water sources prior to disinfection, unless the source water meets speci c water quality criteria and the supplier has developed a watershed management program.
The city of Syracuse (population 163,860) in central New York State draws its water from Skaneateles Lake, the fourth-largest lake in a group of eleven lakes collectively known as the ''Finger Lakes.'' Skaneateles Lake is 16 miles long, with an average width of 0.75 miles, an average depth of 145 feet, and an estimated volume of 412 billion gallons. The quality of its water is high, in part because of a relatively small watershed to lake ratio (59.3 square miles of watershed to 13.6 square miles of lake).
The high quality of the lake's water has permitted the city of Syracuse to meet drinking water standards without coagulation or ltration, using only screening and disinfection by chlorination. In recent years, however, the city has come under increasing pressure to build a ltration plant in order to satisfy the provisions of the EPA's SWTR. In order to avoid building the ltration plant, which is estimated to cost between $64 and $76 million, the city signed a Memorandum of Agreement (MOA) with the New York State Department of Health that allows the city to avoid ltering water from the lake. The MOA requires that the city commit to a long-term watershed management program to reduce pathogen, chemical, nutrient, and sediment loading into the lake. Part of the program involves the establishment of a ''riparian buffer'' at critical areas within the watershed. A riparian buffer is a strip of land bordering a stream, lake or reservoir that intercepts and sequesters pollutant runoff [Belt, O'Laughlin, and Merrill (1992) ]. A municipal government can establish a riparian buffer by the fee-simple purchase of riparian parcels or by the purchase of easements that restrict land use along the riparian edge of a larger parcel.
One of the critical areas within the Skan-eateles watershed is the Harold Brook SubWatershed (HBSW), at the northwestern end of the lake. Harold Brook is near the Village of Skaneateles and the intake pipes that the city of Syracuse uses to draw approximately 42 million gallons of water per day. The HBSW is the focus of our case study. It contains 64 parcels with land-use activities that include eld crops, dairy farms, year-round residences, seasonal residences, and a warehouse-distribution facility. This paper develops two optimization models that a water authority can use to determine the ''best'' parcels for inclusion in a riparian buffer. The rst model is based on a linear equation developed by the city of Syracuse to score (or rank) parcels. The second model selects parcels based on a parcel index and a weighting of reduced pollutant loads. Both models are binary optimization models and are used to select the best buffer subject to a budget constraint. The optimal buffers for comparable versions of each model are compared and a set of priority parcels is identi ed.
In the next section we present the binary optimization problems based on the Syracuse Scoring Equation (SSE) and our Parcel-Pollutant-Weighting (PPW) Model. In Section 3, data on the parcels in the HBSW are presented along with the weights and reduced pollutant loads used in the SSE and PPW models. Section 4 discusses the optimal buffers and explores their sensitivity to changes in attribute and pollutant weight. Section 5 summarizes the results of the present study and concludes with some suggestions for improving the integration of hydrologic and economic models.
II. THE MODELS
The city of Syracuse has earmarked approximately $7 million to acquire easements on privately owned parcels in the Skaneateles Lake Watershed. An easement places restrictions on land use on portions of a parcel that are deemed important to maintaining high water quality. Of primary concern is the maintenance or introduction of vegetative cover that can prevent sediments, chemicals, nutrients, and pathogens from reducing water quality in the vicinity of the city's intake pipes.
The Syracuse-Scoring-Equation (SSE) Model
To measure the potential contribution of each parcel to Syracuse's water quality objectives, the Department of Water convened a scienti c panel to help it develop a parcel scoring system. With the panel's assistance, analysts in the Department proposed a scoring equation that is a weighted sum of parcel attributes. Let a i,k be a numerical measure of the kth attribute for the ith parcel, i 5 1, 2, . . . , I, k 5 1, 2, . . . , K. For most attributes, larger values of a i,k imply that the ith parcel is more desirable in the kth dimension. Let w k be a subjective weight representing the relative importance of the kth attribute in the set of all attributes. The desirability of the ith parcel is given by the index number D i where
[1]
We refer to Equation [1] as the Syracuse Scoring Equation (SSE). Parcel scoring functions, based on land attributes, have been used in other watershed protection initiatives (e.g., Lemunyon and Gilbert 1993) and in the multi-billion dollar conservation effort of the U.S. Conservation Reserve Program (Feather, Hellerstein, and Hansen (1998) , land trusts (e.g., The Nature Conservancy; Master 1991), international habitat protection groups (e.g., World Wildlife Fund; Olson et al. 2000) , national wildlife protection initiatives (e.g., Partners in Flight; Carter et al. 1999) , and farmland protection initiatives (e.g., American Farmland Trust). Let C i denote the cost of buying an easement on the ith parcel, which would secure the attributes a i,k .
1 Let B i be a binary variable 1 In our application of the SSE and PPW models to the HBSW, the Ci were the assessed land value for the entire parcel. The assessed land values are known to underestimate the actual market value for an entire parcel but were regarded as reasonable estimates of the cost of acquiring a partial easement. When the city of Syracuse begins to implement the buffer acquisition program it will retain a third-party, independent assessor to provide it with an estimate of the ''fair-market where B i 5 0 indicates that the easement to the ith parcel has not been purchased and B i 5 1 indicates that the easement to the ith parcel has been purchased. 
The Parcel-Pollutant-Weighting (PPW) Model
As an alternative to the SSE models in [P1] and [P2], consider the same watershed with i 5 1, 2, . . . , I parcels of land draining into the lake or reservoir. Suppose there are j 5 1, 2, . . . , J pollutants whose runoff poses a potential water quality problem. Let X i ,j denote the loading of the jth pollutant from the ith parcel under its current land use or the potential loading if an easement is not acquired. Let X B i,j denote the loading of the jth pollutant from the ith parcel if the appropriate easement is acquired and the ith parcel is included in the riparian buffer. Then (X i,j 2 X B i ,j ) $ 0 is the reduced loading of pollutant j from parcel i if the ith easement is purchased.
The effect of different pollutants on water quality may vary. In some watersheds, pathogens may be more of a concern than, say, phosphorus or sediments. As such, we allow watershed managers to associate a weight, W j , with the j th pollutant. The larger W j , relative to the weight on other pollutants, the more important are parcels whose acquisition will reduce the loading of the j th pollutant.
As in the SSE model, there may be attributes of the ith parcel that in uence its contribution to water quality. In the HBSW, a parcel's size, its stream footage, and its distance from the city of Syracuse intake pipes might affect the total loading of pollutants and the likelihood that they will reach Skaneateles Lake. We use these three attributes (parcel size, stream footage, and distance from the city of Syracuse intake pipes) to construct two alternative parcel weights. The ratio (s i /d i ) can represent either the parcel's size divided by the parcel's distance to the intake pipes or the parcel's stream footage divided by its distance to the intake pipes. The further a parcel is from the intake pipes, the greater will be d i and the smaller will be the parcel's weight. When s i is parcel size, larger parcels will have a larger weight for the same distance, and when s i , is stream footage, only parcels that have stream footage or lake frontage will have a positive weight. When (s i /d i ) is parcel size divided by distance, the PPW Model is compared to the SSE Model in [P1], where every parcel in the HBSW is considered for inclusion in the riparian buffer. When (s i /d i ) is stream footage divided by distance, the PPW Model is compared to the riparian version of the SSE Model in [P2] .
The de nitions of C i , B i , and M are the same as in the SSE Models. The binary optimization problem, based on the Parcelvalue'' of an easement. The city will then make a ''take-it-or-leave-it'' offer of the assessor's fair-market value to the owners of priority parcels. This approach was adopted for two reasons. First, it should reduce transactions costs by avoiding long, drawn-out negotiations. Second, and perhaps most important, it protects the city from charges of favoritism if it were seen paying above market value for easements on some parcels. While these rules do not allow the city to pay above market value because of ''hydrologic'' characteristics, they would prevent strategic behavior on the part of land owners since they will know that the city will only make one, take-it-or-leave-it, offer. 
The problem is denoted [P3] when s i is acreage and [P4] when s i is stream footage.
III. THE HAROLD BROOK SUB-WATERSHED (HBSW)
The SSE Model
The SSE for each of the I 5 64 parcels in the HBSW is based on ve attributes (a i ,k ): k 5 1 5 acreage, k 5 2 5 priority zone, k 5 3 5 distance to the intake pipes, k 5 4 5 hydrologic sensitivity and k 5 5 5 stream length. For each parcel, these attributes were measured and normalized. Normalization ensures that the units of measurement (for example, acres versus hectares or feet versus meters) do not in uence a parcel's score, D i . Parcel attributes were normalized based on the following ratio-scale formula:
.
[2]
According to Equation [2] , a parcel with the lowest attribute score has a normalized score of zero and a parcel with the highest attribute score has a normalized score of one. When normalizing k 5 3 5 distance to intake pipes, parcels closer to the intake pipes (with smaller distances) are more desirable for inclusion in a buffer, since the runoff from such parcels is more likely to reach the intake pipes. Thus for k 5 3, the complement, (1 2 Na i,3 ), is used in the SSE Model. Parcel #64, for example, is the closest parcel to the intake pipes and has a normalized distance of zero, but a complement of (1 2 Na 64,3 ) 5 1. In calculating D i , the third term in Equation [1] took the form w 3 (1 2 Na i ,3 ), while all other terms were w k Na i,k , k 5 1, 2, 3, 4, 5.
In the SSE Models, the normalized attributes were assigned weights of w 1 5 0. In that report, a panel of experts were asked to qualitatively assess the likely loading of 14 pollutants 2 These weights were arrived at through discussions between the hydrologists, engineers, and planners within the Department of Water, city of Syracuse. There was no public participation or formal scienti c review. We have conducted limited sensitivity analysis of the w k in the SSE models and the Wj in the PPW models and will report the results of that analysis in Section 4. sulting indices for phosphorus and pathogens are shown Table 2 . The index numbers in Table 2 correspond to the current land-use loadings, X i,j . It was then necessary to make some assumption about the potential reduction in the index numbers if a parcel were acquired for the HBSW riparian buffer. We based the percentage reductions on the discussion in Hermans 1999, 136. We assumed that a 65% reduction was possible for parcels with a high level of phosphorus runoff. For a parcel with a high pathogen loading, a reduction of 25% would be possible under buffer status. These percentages decline to a 50% reduction for phosphorus if a parcel's current loading was low (L), and a 17% reduction for pathogens if a parcel currently had a low loading of that pollutant. The pollutant rating, index number and the percentage reduction in phosphorus and pathogens are given in Table 3 .
With the percentage reductions given in Table 3 , we calculated an index for pollutant loading under buffer status, corresponding to X B i ,j . The X i, j and X B i,j index numbers by parcel class and land cover are given in Table 4 .
To summarize, the 64 parcels in the HBSW were assigned to a land-use classication. Based on this classi cation and the results of a published water quality study, we qualitatively assessed each parcel's potential loading of phosphorus and pathogens. This qualitative assessment was then assigned an index number ranging from 10, for a qualitative assessment of ''high,'' to 3.33, for a qualitative assessment of ''low.'' If a parcel using non-point source simulation models. We will return to this issue in Section 5.
Spreadsheet #3 in the Appendix repeats the normalized data on acreage, stream footage, distance to the city of Syracuse intake pipes, and easement costs, C i , but also contains the pollutant loadings for phosphorus ( j 5 1) and pathogens ( j 5 2), both without easement, X i,j , and with easement, X B i,j . On this spreadsheet the pollutant weights were both set equal to one (W 1 5 W 2 5 1) and (s i / d i ) was normalized acreage divided by normalized distance.
The sum over i of the sum of the parcelweighted, pollutant-weighted, reduced loadings in column L is calculated in cell E4 with the cost of a candidate buffer given in cell E5 and the budget in cell E3. Solver and Spreadsheet #3 was used to determine the optimal buffer for problem [P3] , shown in cells K8 : K71.
Finally, Spreadsheet #4, appearing identical to Spreadsheet #3, has (s i /d i ) calculated as normalized stream footage or lake frontage divided by normalized distance. Since par-cels with zero stream footage or lake frontage have a zero parcel weight, the optimal buffer from this initial spreadsheet, corresponding to [P4], will be compared to the optimal buffer from the SSE Model in problem [P2] .
In the PPW Models, where we divided by distance, we used the normalized distance Na i,3 . Parcel #64, with a normalized distance of zero, would make (s 64 /d 64 ) unde ned. Therefore, in the PPW Models, [P3] and [P4], a small, but positive normalized distance, Na 64,3 5 0.04, was assigned to Parcel #64.
IV. RESULTS
The optimal buffers for problems [P1] -[P4] within the HBSW are given in Table 5 . , we are comparing the optimal buffer using the SSE Equation, for all parcels, with the PPW Model where (s i /d i ) is acres divided by distance. We note: , 5, 7, 10, 11, 12, 13, 14, 17, 18, 22, 23, 24, 39, 62 , 63, 64} , 3, 8, 9, 15, 16, 31, 33, 35, 44, 49, 51, 52, 54 , 60, 61} , 28, 40, 41}. In words, the optimal buffers to problems [P1] and [P3] share 17 parcels in common, the optimal buffer to problem [P1] has 16 parcels not in common with the optimal buffer for [P3], and the optimal buffer to problem [P3] has 4 parcels not in common with the optimal buffer for [P1]. The optimal buffers for problems [P2] and [P4] only contain riparian parcels. A careful analysis of the optimal buffers for these two cases reveals {[P2] [P4] } 5 , 9, 12, 14, 24, 26, 27, 31, 32, 39, 52, 62, 63 {12, 14, 24, 39, 62, 63, 64}. Easements to the 7 riparian parcels common to all 4 optimal buffers would cost $373,400. These 7 parcels might be regarded as ''high priority'' for an easement acquisition program since they were included in all 4 optimal buffers. Limited sensitivity analysis was conducted on models 
{8
{[P1]² 2 ([P1] ² [P1])} 5 {27, 30} {[P1] 2 ([P1] ² [P1])} 5 {33, 44, 49, 51, 52, 54} {[P2]² 2 ([P2]² [P2] )} 5 {28, 54} {[P2] 2 ([P2] ² [P2])} 5 {40,
V. CONCLUSIONS AND CAVEATS
Protecting the quality of lakes and reservoirs is important to many cities that use them as a source for drinking water. Watershed management can involve a variety of strategies to reduce the runoff of phosphorus, nitrogen, pathogens and sediment. The establishment of a riparian buffer, by the acquisition of feesimple titles or conservation easements, offers municipalities greater precision in reducing runoff by controlling land use and vegetative cover.
Finding the best collection of parcels to include in a riparian buffer might be viewed as a binary optimization problem. Parcels have different uses and attributes that will inuence the loading of various pollutants. Pollutants may vary in terms of their public health consequences or the ability of of cials to remove them from drinking water before distribution. Budget constraints may limit the amount of money a municipality can spend on a riparian buffer.
Two models were constructed to optimize a riparian buffer. They were applied to the Harold Brook Sub-Watershed (HBSW), an area within the larger Skaneateles Lake watershed in central New York State. Skaneateles Lake serves as the source of drinking water for the city of Syracuse. The lake's water is of such high quality that it requires only screening and chlorination before distribution to city residents. To protect the high water quality of the lake, and thus to avoid costly ltration, the city of Syracuse has embarked on several watershed management strategies, including the purchase of conservation easements to establish a riparian buffer.
We determined the optimal buffer in the HBSW under four different optimization problems, [ {12, 14, 24, 39, 62, 63, 64} , with an easement acquisition cost of $373,400, were common to all optimal buffers. The SSE model was based on a parcel desirability index that was developed by the city of Syracuse, Department of Water. The index represents the subjective opinion of knowledgeable people about the importance of parcel attributes in contributing to water quality. In the PPW model, we incorporated the subjective opinion of knowledgeable people about the loading of pollutants from certain types of parcels without (X i,j ) and with (X B i,j ) buffer status. This gave us a subjective estimate of the reduced loading of pollutant j if an easement to parcel i was acquired (X i,j 2 X B i ,j ) $ 0. A preferred approach would be to use non-point source simulation models, calibrated to the watershed or subwatershed of interest. Models such as the Watershed Information ManagementSystemNon-Point Source Pollution (WIMS-NPS) described by Harou, Ickert, and Megenheimer (2001) and the Riparian Ecosystem Management Model (REMM) described in Lowrance et al. (2000) have the potential to generate estimates of X i,j and X B i,j ).
3 The output of such models would in turn serve as inputs to a buffer optimization problem similar to the PPW model presented here.
3 Non-point source simulation models are typically nite-element models that are used to approximate the ow of surface and groundwater within a watershed. They may include randomly generated ''precipitation events'' or other stochastic processes when simulating the dynamics of pollutants transported by surface and groundwater. The general models, such as WIMS-NPS and REMM need to be calibrated for the soils and topography of a particular watershed and, if possible, validated through measurements at monitoring sites after a precipitation event or during high, run-off, seasons.
